Abstract. Large-scale mantle convection, to first order, is a system driven by interior density anomalies, modulated by variable plate thickness and extreme theology variations at the top of the mantle. The rheological difference between oceanic and continental regions significantly influences the surface velocity. We apply a three-dimensional NewtonJan viscous flow model to explain the largescale present-day plate motions. The density anomalies are derived from seismic tomography and a slab model. With a viscosity difference of a factor of 30-60 between continents and oceans in the upper 90 km of the Earth, we are able to explain both the observed large-scale poloidal and toroidal plate motions. The viscosity difference between continental and oceanic regions has major control on both the poloidal-toroidal kinematic energy partitioning and the pattern of toroidal motion. Nonlinear theology can help establish toroidal motion. Plate motions can be explained by assuming either layered or whole mantle flow. In order to match the amplitude of observed plate motions, the value of the reference viscosity (corresponding to that of between 400 to 670 km depth) is 1.6 x 10 • Pa s for layered mantle flow and 3.2 x 102• Pa s for whole mantle flow. However, the predicted net rotation of the lithosphere, from both layered and whole mantle flow models, is very small and cannot account for the amplitude of the net rotation obtained from the plate tectonic models assuming a fixed hotspot reference frame.
Introduction
Plate tectonics is generally believed to be the result of mantle convection. While several large-scale geophysical observables, such as geoid and topography, can be explained in the context of mantle convection [Hager, [Gordon and Jurdy, 1986] . One can decompose these plate motions into poloidal and toroidal motions [Hager and O'Connell, 1979] , or equivalently, divergence and vorticity [Forte and Peltlet, 1987] . Richards, 1995] . The constraint is that the forces or torques induced by the interior density anomalies and those caused by the imposed surface velocity are balanced at the surface of the Earth or at a certain depth in the mantle. Lateral variation of viscosity is usually ignored. One problem with this approach is that the total stress acting on the plate, due to the imposed plate-like velocity, goes to infinity [Hager and O'Connell, 1981] . One way around this dilemma is to balance the torques at a certain depth in the mantle [ 
1991; Lithgow-Bertelloni and
where r is the stress tensor, 6p the density anomaly and g the gravitational acceleration. Constitutive equation for NewtonJan flow r --p + 2r/e,
where p is the pressure r/the viscosity and e the strain ' rate tensor.
The appendix gives procedures for solving these equations in spherical coordinates. The horizontal variations of variables are expressed in terms of spherical harmonics. For a radially symmetric viscosity structure, toroidal-poloidal, poloidal-poloidal and toroidaltoroidal equations, are decoupled at every spherical harmonic degree and order [Kaula, 1975; Hager and O'Connell, 1981] . For a structure with lateral viscosity contrast, toroidal and poloidal equations are coupled and equations at every degree or order of the spherical harmonics are also coupled with each other. The coupling coefficients are presented in the appendix. If we truncate the contribution at a certain spherical harmonic degree (lmax) and consider the coupling effects for those spherical harmonic degrees (l _< /max), we can reduce the above three set of equations to a set of linear equations. These linear equations have constant coefficients for a shell with the same form of lateral variation of viscosity and can be solved by standard propagator matrices [Gantmacher, 1960] (see appendix for details). are unable to generate sufficient toroida! energy to be compatible with the observations. In this study we consider temperature-and stress-dependent viscosity to be second-order effects in generating toroidal plate motions at the surface. The extreme lateral variations in viscosity probably occur at _shallow depths, where the rheological difference of co.ntinental and oceanic regions is obvious. Figure 5 shows the regionalization of continents, oceans and plate margins in the present-day configuration. We assume viscosity variation exists only in the upper 90 km; the rest of the mantle has radially symmetric viscosity structure. To resolve weak plate margins might require a very high truncation degree in spherical harmonic doma. in, which is very difficult for 
Truncation Effects
The coupling effects among spherical harmonic degrees I < /max are exactly predicted by our method, but the effects of small-scale structures on the largescale predictions are still unknown. It is worthwhile investigating the effects of using different truncation degrees (/max)-Very little change in the prediction that, for the viscosity structure we consider, the density anomalies at 12 < lmax_< 24 contribute very little to the large-scale divergence and vorticity. It is not surprising that the couplings between small-scale density anomalies and small-scale viscosity variation to the large-scale surface velocity are rather small because the power of both density anomalies and lateral variation of viscosity decrease rapidly with spherical harmonic degree 1. It should be mentioned that the slab model has smaller scale structures than the tomographic models. The truncation effects are expected to be smaller for the real Earth. Considering the uncertainties of the density model, we believe that the prediction with truncation degree/max= 12, the highest degree of our density (tomographic) model, is good enough and will be robust for predicting the plate velocities at degrees 1 = I -5. For the purpose of mimicking the largescale effects of stress-dependent viscosity, we will include "weak zones" in the plate margins in the following calculations. It should be mentioned that truncation effects are larger for purely "weak zones" models than for "ocean/continent" models. The purpose here is purely for mimicking the stress-dependent viscosity, since stresses are likely to be large at plate margins and will decrease the effective viscosities. Equivalently, we impose a gradient of stress-dependent viscosity variation by truncating "weak zones" at low degree.
Geoid, Topography, and Plate

Motion
Constrained Mantle Convection
In this section we refine our density model to fit the geoid and residual topography.
Refined Density Anomalies in the Mantle
The long-wavelength ( 1 = 2-3) geoid and residual topography [Cazenave et al., 1989] The Earth is divided into 43 layers: 9 layers in the upper 90 km with thickness of 10 kin, 12 layers in the rest of the upper mantle, and 22 layers in the lower mantle. We test two models for mantle convection: layered mantle and whole mantle flow. Again, all the calculations are done with truncation degree/max = 12 and only prediction at degrees ! -1 -5 will be discussed.
Buoyancy Driven Plate Motions
The layered mantle convection model used here is the same as we used in explaining the long-wavelength geoid It should be clarified that, in the above models, it is the viscosity difference between continental and oceanic regions, not the "weak zones," that controls the main feature of the predictions. Figure 13 shows the predicted surface divergence and vorticity for the density and viscosity models, used in Figures 10a and 10c, They also affect temperatures and convection in the underlying mantle. Future study on short-wavelength plate motions might help distinguish this possibility.
3. The viscosity beneath continental regions is large compared with that beneath oceanic regions. Viscosity is controlled by composition, temperature, volatile content, and extent of partial melting. It is unclear, at this stage, how those factors affect viscosity.
Although the interpretation of our results has ambiguities, the viscosity contrast between continental and oceanic regions is necessary to produce the correct pattern of torotrial plate motions. We tested rheological model with oceans having 60 times higher viscosity than continents. Not only are no correlations found between predicted and observed vorticity, but correlations between predicted and observed divergence are degraded significantly.
It is important, for the study of mantle convection, [Kaula, 1975] . In that case, equations for each spherical harmonic are independent with those in other harmonics and they can be solved degree by degree.
For spherical shells with lateral variations in viscosity, the above equations are no longer separated by each mode, that is, modes are coupled with each other through those coupling coefficients Aimi'm' -Glint,m,. Since the above summations go to infinity, we have no obvious way to solve these equations. However, if we truncate all the quantities up to a spherical harmonic degree (/max), that is, we neglect the coupling effects of spherical harmonic degrees l >/max, we have these linear equations by putting all the equations at degrees I = 1-gmax together, dZ dp -B * Z + b; 
